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Abstrat
Biologial genomes are divided into oding and non-oding regions. In-
trons are non-oding parts within genes, while the remaining non-oding
parts are intergeni sequenes. To study the evolutionary signiane of re-
ombination inside introns we have used two models based on the Monte
Carlo method. In our omputer simulations we have implemented the inter-
nal struture of genes by delaring the probability of reombination between
exons. One situation when inside-intron reombination is advantageous is re-
overing funtional genes by ombining proper exons dispersed in the geneti
pool of the population after a long period without seletion for the funtion
of the gene. Populations have to pass through the bottlenek, then. These
events are rather rare and we have expeted that there should be other phe-
nomena giving prots from the inside-intron reombination. In fat we have
found that inside-intron reombination is advantageous only in the ase when
after reombination, besides the reombinant forms, parental haplotypes are
available and seletion is set already on gametes.
Introdution
The main fores driving the evolution of living, sexually reproduing sys-
tems, are mutations and reombinations followed by seletion. Mutations are
often implemented into the Monte Carlo models simulating the population
evolution as deleterious events whih hange the orret or funtional gene
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(alled by genetiists a wild form of the gene) into a nonfuntional one, just
by hanging the value of a bit from 0 to 1. In suh models genomes are
usually represented by bitstrings. Mutual reombination orresponding to
ross-over in biologial system is introdued by hoosing randomly the point
where pairs of bitstrings are ut and orresponding fragments replae eah
other. In suh models reombinations an our only between genes. This
restrition ould produe results signiantly dierent from natural systems.
In fat, in natural genomes genes are not represented by single bits but by
long sequenes where reombination an our. Furthermore, ross-over is a
type of reombinations whih our in eukaryoti genomes (i.e. not in bate-
ria, without a ell nuleus) and these genomes are even more ompliated. In
the simplest way the eukaryoti genome ould be desribed as a large string
of nuleotides where only relatively short regions, alled genes, ode for pro-
teins. Parts laying in-between dierent genes are alled intergeni sequenes
or intergeni spae. Most of genes onsist of short oding parts, alled exons
and usually muh longer non-oding parts alled introns [3℄. The whole infor-
mation neessary to build a protein  the real produt of gene  is inluded
in the exons. In the human genome, like in many other eukaryoti genomes,
exons make only about 0.02 to 0.03 of the whole genome. For example the
total length of the human gene oding for the lotting fator VIII, whose de-
fet auses hemophilia, is about 200 000 base pairs while the total length of
several exons building the oding part of this gene is of the order of 7000 base
pairs. On the other hand, the probability of reombination in a given region
varies being roughly proportional to its length. Thus, building the model of
population evolution onsidering the reombination events we should assume
the reombination in the intergeni spae, inside introns and inside exons.
Sine the size of exons is negligible, we ould onsider only reombinations
in the intergeni spae whih reshue only the omplete genes, and reombi-
nation inside introns whih reshue additionally exons between reombining
alleles. The reshuing of exons is onsidered as a powerful evolutionary tool
inreasing the rate of protein evolution [4℄. Considering the struture of in-
terrupted genes it is important to remember that mutation in only one exon
of the gene is usually deleterious for the whole gene. Nevertheless, in the
models, where genes are represented by single bits, the mutated genes an-
not be repaired by reombination. But introduing the reombination inside
introns, there is a possibility to remove bad exons and to reover the orret
form of genes by reombination.
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Model I
Simulations of the age strutured populations  standard Penna ageing model
In the standard Penna model for biologial ageing, individuals are de-
sribed by their genomes being strings of bits of delared length [5℄. Genes
in the model are represented by single bits and have no internal struture. If
a bit is set for 0, it means that it is orret (wild type), while its value equal
to 1 orresponds to the mutated, nonfuntional version of the gene. In the
diploid version, eah individual is represented by two bitstrings. Thus, at
the same positions on the two bitstrings an individual possesses two alleles
of the same gene. The main assumption of the model is that the genes are
swithed on hronologially  in the rst time step (year) both alleles in
the rst lous in the genome are swithed on, in the seond time step the
seond pair of alleles is expressed and so on. Thus, in the standard version
of the model, the number of genes swithed on in the genome orresponds
to the age of the individual. The phenotype of the individual depends on
the delared harater of the mutation in the expressed gene. If it is a re-
essive mutation, the funtion of the defetive gene an be omplemented
by its orret allele  set for 0, loated at the homologous position on the
seond string. In suh a ase, both alleles at a given position have to be
defetive to determine a deleterious phenotype. If the lous is delared a
dominant one  the mutation in any of the two alleles in this lous annot be
omplemented. The eet of the swithed-on defetive genes on the individ-
ual life span depends on the delared threshold T , whih orresponds to the
allowable number of expressed deleterious phenotypi traits. If the number
of defetive traits already expressed reahes the T value, the individual dies.
If before dying the individual has reahed the reprodution age R, it an
produe ospring in eah time step with the delared probability B or it an
produe the delared number of ospring. Sexual reprodution is introdued
into the model through mimiking the prodution of gametes during meiosis;
two bitstrings of the parental genome exhange homologous fragments at a
randomly hosen position with the probability C. One of the two reombined
strings is randomly hosen as a gamete and a mutation is introdued into a
randomly hosen lous with probability M . If at the hosen lous the bit is
already set for 1, it stays 1. It means that there are no reversions, though it
is possible to delare reversion probability. The zygote is formed by joining
one gamete produed by a female with another one produed by a male. The
male individual is randomly hosen. In this way the newborn omes into
being, its sex is established with equal probability for male or female and the
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life story repeats itself. There are only a few parameters:
1. T  the upper limit of expressed phenotypi defets, at whih the indi-
vidual dies;
2. R  minimum reprodution age;
3. B  birth rate, the number of ospring produed by eah female at
reprodution age at eah time step;
4. M  mutation rate, the number of new mutations introdued into eah
bitstring during gamete prodution;
5. C  the probability of ross-over between parental bitstrings during
gamete prodution or the number of ross-overs.
We have hosen the Penna model for our studies beause the results of sim-
ulations t the age struture of real populations and the struture of the
geneti pool of populations follows the predition of the Medewar's hypoth-
esis of ageing  aumulation of defetive genes expressed during the late
periods of life [6℄. Additionally, the model enables quantitative estimation
of the parameters desribing the quality of populations and their geneti
struture [7℄.
Implementing introns into the model. In the standard Penna model,
genes have no internal struture and reombination an our only in-between
the genes. In our modiation we have divided eah gene into two exons and
reombination an take plae also in-between the two exons of a single gene.
The frequeny of suh reombination orresponds to the length of the introns
 the higher inside-intron reombination rate mimis the longer intron. It
was introdued into the model through a parameter p:
p = 0 means that reombination happens only in the intergeni sequenes
(like in the standard model),
p = 1 that reombination is only inside introns.
Any value of p in the range (0, 1) orresponds to the fration of reombina-
tion events in the introns in relation to all reombinations. Reombinations
inside the relatively small exons are negleted, thus 1−p is the probability of
reombination between two adjaent genes (in the intergeni spae). Further
modiations of the Penna model are desribed in detail in the results setion.
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Model II
Simulations of populations without age struture.
Simulations of populations in the Penna model lead to the emerging of the
spei gradient of frequeny of defetive genes in the genomes. Frations of
defetive genes expressed after the minimum reprodution age are inreasing
with the inreasing age of an individual. To keep the fration of mutated
genes at the same level for the whole genomes we have used another model,
without age struture [8℄. In this model, the geneti struture of individuals
also onsisted of two bitstrings. Like in the Model I a pair of two alleles (0
or 1) determines a gene. A good gene is the one whih has one pair (00)
on either of the strings. Mutations and reombinations in the intergeni
sequenes and inside introns were introdued like in the previous model, but








where ai is the age of the individual, inreased after eah Monte Carlo step,
and fi is the tness of the individual i dened as the number of proper phe-
notypi haraters, and α is a parameter determining the seletion pressure.
Here also two parents are needed to produe ospring, and the proedure
of attributing them their genomes is analogous to Model I. In Model II the
quality of the whole genome is onsidered at eah step, when the surviving
probability is ounted. Thus the defetive genes (bits set for 1) are evenly
distributed in the genomes (bitstrings).
Results and Disussion
Age distribution and mortality under dierent strategy of reombination -
Model I
Simulations were performed onsidering four dierent strategies of reom-
bination: 1  like in the standard Penna model  reombination only in the
intergeni spae; 2  reombination only in introns  that is in-between exons
of the same gene; 3  half of reombination events in the intergeni sequenes
and half inside introns. In all these versions one reombination event during
the gamete prodution was introdued. For omparison, simulations without
reombination were also performed. Populations without reombination were
signiantly smaller, while populations with dierent strategy of reombina-
tions diered  the average life span of organisms in the populations with
reombination only in the intergeni spae was the longest, whih in this
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model ould be translated as the higher fration of population in the repro-
dution age. Thus, the reombination in the intergeni spae is advantageous
when ompared with the reombination inside introns. Aordingly, a higher
mortality, partiularly in the later ages, was observed for populations with
reombinations inside introns.
Restoring funtional genes
Sine a gene divided by introns into several exons is onsidered as defetive
if at least one exon in it is defetive, it is obvious that the fration of defetive
genes in the geneti pool is higher than the fration of defetive exons. One
an imagine that a gene whih is released from seletion pressure, whih
means that its funtion is not important for surviving in given environmental
onditions, an freely aumulate mutations. After a period long enough, all
genes in suh a lous in the geneti pool of the population ould be defetive.
If suh genes are omposed of exons, it is obvious that all genes would be
inativated earlier than all exons. We have performed the simulations where
the rst three genes in the genome were released from seletion pressure and
after about 2000 MC steps almost all these genes in the population were
defetive while about 10% of exons in the geneti pool were still not mutated
(Fig. 1).
Thus, when seletion pressure was set again, it was possible to restore
orret genes by inside-intron reombination. If reombination in suh pop-
ulations is restrited to the intergeni sequenes, without any possibility of
reshuing the exons  populations die out. In Fig. 2, the survival probabil-
ity of suh populations is shown for dierent p values. At the beginning of
simulations three loi (the same in eah genome) were released from seletion
pressure and then, after about 100 generations, seletion for the funtions of
genes in these loi was set again. As shown in Fig. 2, the probability of
surviving of populations grows with the probability of the reombinations
inside introns. There is still some risk that population would not survive in
suh onditions  it size diminishes substantially after restoring the seletion
for the gene funtion. Suh phenomenon is alled the bottlenek eet in
biology  a very risky situation for population or speies. Thus, it is very
improbable that all eukaryoti genes with introns evolved by passing through
the bottlenek. That is why we have looked for other onditions of evolution
when inside-intron reombination ould be advantageous. Sine all genes in
our simulations are assumed to be omposed of two exons, it is enough to mu-
tate one of the two exons to eliminate the funtion of the gene. But if dierent
exons in the same lous in one diploid genome are defetive  reombination
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Figure 1: Frations of mutated exons and of mutated genes after simulations
without seletion pressure on the funtion of rst three genes. Parameters of
simulation: R = 8, B = 1,M = 1, C =1, p = 0. See Model I for explanations
of the parameters.
inside an intron ould restore the ative gene. Figure 3 desribes the situa-
tion; boxes orrespond to exons and lines in-between them to introns where
reombination an happen. Unfortunately, reombination ould also dam-
age both alleles, if both exons are deleterious in one allele while in the seond
allele both are orret; one only has to reverse the above arrow to see the situ-
ation. It seems that the highest promotion of the reombination inside introns
ould be introdued into the model, if the preseletion of gametes is assumed.
In the most drasti version we have assumed that if reombination generates
a proper version of the gene from two defetive genes (01× 10⇒ 00 and 11)
the gamete 00 with this orret version of the gene is seleted to form a zy-
gote. Even in suh deterministi onditions, the inside-intron reombination
was found to be not advantageous when ompared with intergeni reombi-
nation. These results suggest that the reombination in the seond diretion
prevails. Looking for the explanation and for onditions when inside-intron
reombination ould be protable, we have notied that reombination im-
plemented in the standard Penna model does not orrespond properly to the
meiosis. The standard sexual Penna model oversimplies gamete prodution.
In the new modiation of the model, we follow exatly the natural meio-
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Figure 2: Probability of survival of populations simulated under onditions
desribed in Figure 1, after reestablishment of seletion pressure on the rst
three gene funtions, depending on the frequeny of reombinations inside
introns. Results are averaged over 200 simulations.
Defetive(1) Normal(0) Defetive(1) Defetive(1)





Figure 3: Reombination sheme.
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Figure 4: Size of populations with dierent strategies of reombinations. Be-
fore gametes prodution in eah of parental individuals, two bitstrings repli-
ated and then reombination ourred in-between one pair of bitstrings,
leaving the other pair un-reombined. If reombination inside introns re-
stored the orret gene, this gamete was hosen for reprodution.
sis mehanisms; before gamete prodution both haplotypes dupliate giving
four bitstrings and then reombination ours between pairs of haplotypes
in a randomly hosen point. Sine reombination in one spei site is a
rather rare event, it is very improbable that in both pairs it would our in
the same plae. Thus, after reombination, in respet to the reombination
site, among the four gametes two are reombined and two are in the parental
forms. After introduing this modiation of the Penna model and assuming
the preseletion of gametes  reombinations inside introns are advantageous
(see Fig. 4.).
In fat, gamete preseletion is very ommon in Nature. It ould be a
diret mehanism of seletion like a ompetition in alternate haploid/diploid
generations like in yeasts or plants, or haploid/diploid struture of dierent


























Figure 5: Changes in the distribution of defetive exons during the simulation
of population evolution.
for sexual over asexual reprodution [1℄, [2℄. These results explain also why
in some bateriophages introns exist while there are no introns in prokaryoti
genomes (e.g. baterial). Reombinations in the prokaryoti genomes during
the parasexual proesses do not leave the parental forms. Reombinations
between phage genomes usually our when many genomes are present in
one baterial ell, thus, leaving the parental forms.
Reombinations inside introns in the populations without age struture 
Model II.
To hek the role of reombinations inside introns in the genomes where
all genes are swithed on in one step we have used Model II desribed in
the Models setion. In this model the defetive genes are evenly distributed
along the genome and their fration depends on the mutational and sele-
tion pressures. Using this model we have found, that for shorter genomes
reombination in the intergeni spae is a more advantageous strategy than
reombinations inside introns. For genomes longer than 50 bits, both strate-
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gies seem to be equivalent if the gamete preseletion, like in the last version of
Penna model, has been introdued. Sine preseletion gives the handiap to
the inside-intron reombinations, whih ould reover the orret gene from
two eetive forms, we have heked the distribution of defetive exons in the
geneti pool of population in the equilibrium. To do this we have simulated
the populations until they reah the equilibrium, ounted the frations of
defetive exons and then produed the population with random distribution
of the same fration of defetive exons. This population was let to evolve
until it reahed the equilibrium. Notie that the fration of defetive exons
has not hanged during this simulation, while their distribution hanged (see
Fig. 5.). During the simulation, the fration of genes with both defetive
exons has inreased whih leads to a higher probability of reombinations
produing both alleles defetive. Probability of reovering the orret alleles
from two defetive ones is relatively low - diretion of the proess to the left
prevails in Figure 3.
Conlusions
We have found that only in very restritive onditions, with very high ga-
mete preseletion, the inside-intron reombinations ould be advantageous.
Maybe, under some other ombination of parameters, simulations ould show
onditions when suh reombination is a better strategy. Nevertheless, in our
simulations genes ould be only in two states: orret or defetive. Assum-
ing that positive seletion an drive the evolution of genes and gene produts
into the diretion of higher robustness or more eient funtions, the reom-
binations inside introns ould be advantageous as shown by Williams et al.,
(assoiated paper [9℄).
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